when 20 pI of sera from homozygotes or heterozygotes were applied in the first step (IEFAG); however, they observed no protein from the same amount of control sera, except in hemolyzed samples, which had a protein with electrophoretic mobility identical to the protein from C F sera. On the basis of the protein's cationic nature and relatively low molecular weight, Altland et nl. (2) also suggested that this protein is similar to, if not identical with, the ciliary dyskinesia factor.
This communication relates our attempts to fractionate serum proteins by isoelectric focusing and electrophoresis and to detect a unique protein or proteins in C F homozygous and hetcrozygous sera. The IEFAG method specified by Wilson et 01. (53) has been reproduced in our laboratory. The two-step IEFAG/ disc electrophoresis technique outlined by Altland et nl. (2) has also been employed in our analyses. Furthermore, we have incorporated several methodologic improvements into the isoelectric focusing technique. These improvements have enabled us to demonstrate significantly enhanced resolution and a greater degree of heterogeneity of serum y-globulins than other investigators have reported. The improved technique should increase the likelihood of detecting a CF-specific serum protein.
MATERIALS A N D METHODS
C F patients were diagnosed on the basis of clinical history and an elevated chloride concentration in the sweat (20) . Obligate heterozygotes were parents of these patients. Normal control subjects were clinically healthy volunteers with no known family history of CF. Several of the control subjects were orientals or American blacks, in whom the CFgene frequency is low (24, 29, 49, 56) . Informed consent was obtained before subjects were admitted to the study.
Venous blood was collected and allowed to clot in glass tubes at 4" for 2-4 hr. The blood was then centrifuged at 1,500 x g for 10 min at 4'. The serum was transferred to plastic tubes and either used fresh or frozen in aliquots at -20' o r -70' for later analysis. The concentration of IgG was determined for some serum samples by single radial immunodiffusion (57) in order to standardize the volume of serum as specified by Wilson et nl. (53) .
Isoelectric focusing in thin layer polyacrylamide gel and the combined techniques of IEFAG/thin layer disc electrophoresis were performed in a plastic chamber with an aluminum cooling block (58) through which coolant was circulated at 4". The thin layer (1.5 mm thick) polyacrylamide gels (59) were formed between two glass plates (20 x 20 cm) by a common procedure (47, 50) . Platinum ribbon electrodes (60) and Ampholine carrier ampholytes (61) were used in the IEFAG technique. Ten to 12 samples, including at least 3 of each genotype (CF homozygote, C F heterozygote, normal control), were analyzed per gel to facilitate comparison of banding patterns. The pH gradients in IEFAG were measured at 8' with flat membrane microelcctrodes (62) .
IEFAG ACCORDING TO WILSON ET AL. (53)
The biophysical assay of Wilson el 01. was reproduced as described (53) with confirmation and elaboration of the methodology provided (51) . The volume of serum samples analyzed by their technique was varied in order to have a constant amount of IgG (300 p g ) in each sample, as specified (53) . We have applied their method to the analysis of sera from 16 C F patients, 13 obligate heterozygotes, and 14 normal control subjects.
MODIFIED IEFAG (43)
A variety of methodologic approaches to analytic isoelectric focusing were investigated in order to maximize the resolution of serum proteins, particularly the y-globulins in the alkaline pH range. The details of our methods, a comparison with existing techniques for IEFAG, and the rationale for our approach to analytic isoelectric focusing will be presented elsewhere (43) . In general, our attempts to detect a CF-specific protein in the isoelectric spectrum of serum proteins utilized three different p H gradient systems in IEFAG: ( 1 ) the standard broad range of pH 3.5-10, (2) a narrow range of pH 7-9, and (3) a narrow range of pH 8.5-10.5. In the broad range system (pH 3.5-lo), the gel composition was as follows: T = 3 % and C = 9% (63), 1.0% Ampholine carrier ampholytes (pH 3.5-lo), 4.0 M urea, and 0.00005% riboflavin. Samples were pipetted onto 8-mm wide pads of chromatography paper (64) placed near the middle of the gel. Electrofocusing was performed in a constant power mode during the initial stages of the run, after starting with a power supply voltage of 1000 V for an 18 cm electrode distance; the final potential was 2000 V. The duration of the electrofocusing run was from 3.5-5.5 hr, depending on the portion of the isoelectric spectrum to be emphasized (43) . After electrofocusing, the gels were fixed in a hot acid-alcohol solution and the ampholytes removed before staining with Coomassie brilliant blue (43) .
The two alkaline range IEFAG systems had different gel compositions, but electrofocusing in these systems was based on the same principle. In the pH 7-9 system, the gel composition was as follows: T = 3 % and C = 9%, 1 .O% Ampholine carrier ampholytes (0.1% pH 3.5-10, 0.2% pH 5-7, 0.7% p H 7-9), 4.0 M urea, 15% (v/v) glycerol, and 0.00005% riboflavin. In the pH 8.5-10.5 system, the gel composition was as follows: T = 3% and C = 9 % , 1.2% Ampholine carrier ampholytes (0.2% pH 3.5-10, 0.4% pH 7-9, 0.6% pH 9-1 I ) , 0.20% oxalic acid dihydrate (added to neutralize the solution to enable photopolymerization), 4.0 M urea, 15% (v/v) glycerol, and 0.00005% riboflavin. These latter gels were prefocused to disperse the oxalate ions toward the anode before ample application. In both alkaline range systems electrofocusing was performed in two stages. The first stage, during which the pH gradient began to form and proteins began to migrate either cathodally o r anodally, was performed with the usual 18 cm electrode distance. For the second stage, the more acidic end of the gel was discarded and the anodic electrode was reapplied to the gel at a position in the gradient corresponding to pH 7.0 (about 14 cm from the cathodic electrode) in the p H 7-9 system or p H 8.5 (about 10.5 cm from the cathodic electrode) in the pH 8.5-10.5 system. This rearrangement of the anodic electrode allowed a more even conductance course between the electrodes and thus a higher potential drop across the alkaline range of the gradient (43) . The total duration of the electrofocusing run, with potentials reaching 2000 V , was 14 hr. The details of the methodology for focusing in the alkaline range will be presented elsewhere (43) .
In addition to the general protocols outlined above, we employed variations in our analyses which should increase the possibility of detecting any consistent difference o r differences among the genotypes. Gels of different pH gradients, with and without urea, were utilized. From 10-50 pI of whole serum were analyzed. Alternatively, a volume of serum was used which contained 300 p g IgG, as recommended by Wilson etnl. (53) . In some cases (as in the electrofocusing runs of shorter duration) the serum samples were pretreated with 4.0 M urea for 4-24 hr. We have applied our various methods to the analysis of sera from 22 C F patients, 2 3 obligate heterozygotes, and 21 normal control subjects.
TWO-STEP IEFAGITHIN LAYER DISC ELECTROPHORESIS OF-ALTLAND ET A L. (2)
The essential aspects of the two-step, one-dimensional technique as described by Altland et nl. (2) were reproduced. The method of performing the first step (IEFAG to isolate IgG fractions) was varied. This preparative procedure was usually accomplished either in the manner specified by Altland et nl. (2) or in a manner following our standard protocol as outlined above. Alternatively, the IEFAG step was performed as speci-fied by Wilson et al. (53) , to simulate their conditions of sample treatment and fractionation.
The second step (thin layer disc electrophoresis) as outlined by Altland et al. (2) was used in some analyses, but modifications were later introduced to improve the resolution. The major modifications included the following: a stacking gel with the potassium-acetate buffer at pH 6.5 (measured in the presence of 4.0 M urea at 22"); a separating gel of T = I S % , C = 5 % with the potassium-acetate buffer at pH 5.0 (measured in the presence of 4.0 M urea at 22O); rapid equilibration of the excised gel slab from IEFAG (pH 7.5-9.5) in a buffer solution identical to that of the stacking gel; a 5.5-6.5-hr electrophoretic run at a constant current of 40 mA; and staining of the separating gel by the method used in our IEFAG analyses (43) .
We originally analyzed 20 pl of sera by this two-step technique, as suggested by Altland er 01. (2). Since the degree of resolution in the first step (IEFAG) was not crucial, up to 200 p1 sera were analyzed in an effort to detect differences in protein bands present a t low concentration. We have applied the twostep IEFAGIdisc electrophoresis technique to the analysis of sera from 19 C F patients, 19 obligate heterozygotes, and 15 control subjects.
RESULTS

IEFAG ACCORDING TO WILSON ET A L . (53)
Based on the quantitation of IgG in the sera, the ranges of sample volumes (containing 300 p g IgG) needed for analysis were as follows: 11-32 pI our method, and these determinations (see above) indicated that a sufficient volume of serum was analyzed to enable the detection of the "CF factor protein (CFP)" (53) .
An example of IEFAG using the broad range gradient (pH 3.5-10) is shown in Figure 1 . Only the alkaline end of the gel is shown in this illustration, to emphasize the relevant section of the isoelectric spectrum. The banding pattern shows significant heterogeneity in this portion of the y-globulin fraction. This pattern also indicates the presence of numerous protein bands both near the region of pH 8.4-8.5 (at which sperm whale myoglobin focuses in 4.0 M urea) rcported to contain the C F factor protein (53) and in the more alkaline region. In fact, the most alkaline serum proteins in the isoelectric spectrum are located at a pH near 10 (as measured in 4.0 M urea). Thus, our method resolves numerous proteins in the far alkaline rcgion of the gradient which are not apparent in the illustrations of Wilson et 01. (53) . Since this discrepancy, which is explainable in terms of the theoretic and practical aspects of IEFAG (see below), appeared consistently, we did not concentrate on detecting a difference near pH 8.4-8.5 but considered the entire alkaline portion of the spectrum in our analyses.
Examples of IEFAG using the alkaline range gradients (pH 7-9 and pH 8.5-10.5) are illustrated in Figures 2 and 3 , respectively. These methods significantly increase the resolving power in the alkaline range and thus enable the demonstration of an even greater degree of heterogeneity within this portion of the isoelectric spcctrum of serum proteins. Also, using these methods of isoelectric focusing in two stages, larger sample volumes (50 p1 or more) could be analyzed without engendering much distortion in the protein banding patterns, since the section of the gel containing the serum proteins in high concentration (i.e., albumin and a-2-macroglobulin) is discarded.
These three methods and other variations in the IEFAG technique were applied to the analysis of 22 CF, 23 heterozygous, and 21 normal control sera. No consistent differences were apparent, despite a significant increase in the number of protein bands which were resolved.
TWO-STEP IEFAGITHIN LAYER DISC ELECTROPHORESIS OF ALTLAND ET A L. (2)
The combined technique of IEFAGIthin layer disc electrophoresis enabled the separation of low molecular weight proteins from serum IgG. Thus, this approach should allow samples to be analyzed for the presence of small cationic proteins and should simplify the observation of the C F serum factor.
A n example of results with the two-step, one-dimensional technique of Altland et nl. (2) is illustrated in Figure 4 . This separating gel from the thin layer disc electrophoresis step demonstrates that at least one cationic protcin of relatively low molecular weight can be fractionatcd from all serum samplescontrol as well as C F sera (visibly unhemolyzed)-and that this protein has electrophoretic mobility identical to a larger amount of protcin observed in hemolyzed samplcs. The modifications which we introduced in the disc technique separate thesc proteins more efficiently, as illustrated in Figure 5 . Thc results indicate that several cationic protcins of low molecular weight can be fractionatcd from a portion of serum gamma globulins (approximately pl 7.5-9.5). Furthermore, benzidine staining indicates that some of thesc proteins contain heme. U p to 200 p. 1 sera from 16 CF, 17 heterozygote, and 13 normal control samples were analyzcd by either the technique of Altlandet 01. (2) or our modifications of this two-step technique. In addition, seven CF, five hcterozygous, and five normal control sera were analyzed by the two-step techniques employing the IEFAG mcthod of Wilson et nl. (53) . No consistently unique cationic protein of low molecular weight was observed in samples from C F patients o r obligate heterozygotes.
Fig . 3 . ~soelcctric focusing in polyacrylam~dc gel patterns of serum protcins using a narrow range gradient (pH 8.5-10.5). Each sample contained 300 pg IgG. Serum samples and marker proteins arc designated as in Figure 1 . Urea concentration was 4.0 M. The measured pH gradient is shown to the side. Although our method using the broad range gradient of pH 3.5-10 shows significant improvement in the resolution and results in numerous identifiable bands, the methods which we have devised for focusing in the narrow gradients of pH 7-9 and pH 8.5-10.5 enhance the resolution even further. Consequently, the latter mcthods should be preferred for determining the banding pattern difference among individual sera with respect to yglobulins in the alkaline range of the isoelcctric spectrum. The improved resolution with the pH 7-9 or pH 8.5-10.5 system over that with our typical pH 3.5-10 system is a consequence of the shallower pH gradicnt (a lowcr slope of the pH gradient,, d(pH)/dX) (21) and the maintenance of a higher field strength (potential difference) exclusively across the alkaline range of the gradient (43) . A s indicated previously, even our method using the pH 3.5-10 system resolves numerous protein bands in the far alkaline region which are not resolved by the method of Wilson et al. (53) , using the narrower pH 5-10 gradient. In the technique of Wilson et a[. (53) , focusing does not proceed to equilibrium, primarily because the polyacrylamide gels of T = 5% exhibit a significant molecular sieving effect on the large yglobulin molecules and also because an inadequate field strength is maintained across the alitaline region of the gel (43) .
DISCUSSION
This study involved electrophoretic analysis in an attempt to detect a C F serum factor. The "biophysical assay" of Wilson et al. (53) and the "non-biological technique" of Altland et ol. (2) were reproduced. In addition, an extensive investigation using our own techniques for analytic isoelectric focusing and disc electrophoresis was undertaken. Our approach, employing different electrophoretic techniques and varying the conditions of sample analysis, should increase the likelihood of detecting a protein or proteins specific for the C F genotypes. Many of the serum samples in our study were analyzed by more than one technique. Thus, in many cases, the same sample was analyzed by the method of Wilson et al. (53) , by the method of Altland et al. (2), and by our various methods. Furthermore, in some cases, different serum samples were obtained from the same individual in an attempt to determine any intraindividual variation. Despite the many variations in our approach, no consistently unique protein was observed in C F or heterozygous sera.
The "standardized biophysical assay" of Wilson et al. (53) , as reproduced in our laboratory, did not enable the detection of a C F factor protein near pH 8.4-8.5. However, at the level of resolution obtained with this method, nuances in technique (e.g., the use of different batches of Ampholine chemicals) could conceivably obscure the band which may represent a protein unique to C F and heterozygous sera. Consequently, the IEFAG technique was improved to an extent capable of demonstrating striking heterogeneity in serum proteins (43) . Despite the significant increase in the number of bands resolved by our methods, neither a difference at pH 8.4-8.5 nor other differences throughout the alkaline pH range could be detected consistently in the C F and heterozygous sera. However, since some unknown factor in the technique of Wilson et al. (53) might result in the "production" of the C F protein factor at pH 8.4-8.5, our investigations have included the use of thcir IEFAG method in the two-step IEFAG/disc electrophoresis technique. This combination of techniques also did not result in the detection of consistent differences. Thus, our efforts indicate, contrary to the implication by Wilson et al. (53) , that a low molecular weight, cationic C F serum protein is not readily demonstrable. Furthcrmore, our IEFAG analyses did not support the usefulness of the "B, C, and D bands" reported by Wilson et al. (53) in distinguishing between C F and heterozygous sera. In view of the complexity of the banding pattern in this region of the spectrum (pH 7.5-8.5), a real difference relative to one of only three bands would appear to be unlikely.
The two-step method of Altland et al. (2) might be invaluable if the C F serum factor were a low molecular weight, cationic protein. As indicated previously, the application of this technique would simplify the detection of such a protein band if the resolution at the IEFAG step were inadequate. Our investigations using the "non-biological technique" of Altland et a[. (2) indicated that at least one small, cationic protein could be fractionated from all serum samples. Improvements in the method of disc electrophoresis resulted in the observation of numerous bands from some samples and of differences among the samples, but no protein band unique to the C F genotypes was observed. Furthermore, the major cationic protein(s) fractionated from some sera in the second step appeared to correlate with the presence of heme in the band(s), although these serum samples were visibly unhemolyzed. In their report, Altland et al. (2) stated that different serum samples from the same "factorpositive individual" showed "quantitative variation from zero to intensive even in 10 pI samples," with respect to the "CF factor band" which they obscrved. Some intraindividual variation was also noted in some of our samples, but, more importantly, the relevant band was intense only in those samples which were slightly hemolyzed. (Some liberation of hemoglobin from erythrocytes may be unavoidable when withdrawing and processing blood.) In view of the great quantitative variation noted by Altland et al. (2) and their application of the assay to only a few serum samples, their demonstration of a difference between C F and control sera may have resulted from a fortuitous difference in serum hemoglobin rather than from the actual observation of a C F serum factor.
Recently, a preliminary report of this investigation appeared (42) (52) concerning their methodology and the reagents employed. Presumably, their additional details will complete a description of the incomplete methodology presented earlier (53, 54) .
In their response (55) to our preliminary note (42), Wilson et al. (55) discussed several points concerning their method which allegedly presented problems for us and which may present problems for other investigators attempting to use analytic isoelectric focusing to detect "cystic fibrosis protein (CFP)." Neither space nor discretion will pcrmit a complete response to all of the remarks made by Wilson et al. (55) concerning our attempts to reproduce thcir method. However, it is apparent that our procedures as reported here followed thcir guidelines specified originally (53) and also most of the new specifications (55) for their erstwhile "standardized" assay. Thus, their procedures (53) of sample collection and quantitation of IgG have bcen followed. Concerning the localization of "CFP" on the gel, our criteria have been more flexible than their requirement for finding a specific difference at a certain pH or a certain distance from the anode. As emphasized in the present report, we did not concentrate on detecting a difference near pH 8.4-8.5, but considered the entire alkaline portion of the spectrum in our analyses. In fact, this approach was necessary in view of the differences in pH measurements and corresponding band locations obtained with our improved techniques (see Figure 6) .
Although we are aware of potential problems in the precise measurement of pH gradients in analytic isoelectric focusing, we are also confident that the measurcments obtained from our modified methods reflect accurate values for the pI's of the relevant proteins. We base this conclusion on the pI's of a specific marker protein (sperm whale myoglobin) and-the most cationic serum proteins (those with the highest PI'S). Several investigations on isoelect~ic focusing of sperm whale myoglobin have demonstrated a pI of 8.1 + 0.1 for the major component of this protein in the ferric state (25, 28, (31) (32) (33) (34) (35) . We also have obtained this value for our preparation of sperm whale myoglobin when it was focused in the absence of urea. It has been realized for some time that urea increases the pK values of dissociable groups and the measured pH of aqueous solutions, presumably by reducing the activity of hydrogen ions (12), and the fact that urea also increases the apparent pH of carrier ampholyte solutions and thus the measured pI in isoelectric focusing has been discussed by several investigators ( 2 3 , 3 5 , 4 0 , 44, 45) . Although the degree of elevation of pH will depend on the urea concentration and the buffering system, our studies and the reports in the literature ( Figures 1, 2 , and 3 of this rcport, our measured pI for this protein, using three different pH gradients, agrees well with the expected valucs based on reports in the literature (25, 28, (31) (32) (33) (34) (35) . Concerning the most cationic proteins in serum, the true pI's of these protcins havc not bcen realized, primarily because of the heretofore persistent problems in alkaline range isoelectric focusing in polyacrylamide gels (43, 48) . We have bcen able to solve many of thcse problems, thus accounting for our unprccedented degree of resolution of serum proteins with high pI's. A s suggested earlier in this report and detailed elsewhere (43) , our approach to isoelcctric focusing in the alkaline range is based on the theoretical aspccts of resolving power in natural (ampholytc) pH gradients, the physical properties of commercial ampholytes in an electric field, and the physicochcmical properties of scrum protcins which focus in the alkaline range. The exploitation, of these aspects is requisite for the near equilibrium focusing of cationic scrum proteins which is achieved in our system and which has not been accomplishcd by other investigators to d:te. Howcver, several published refercnccs to isoelectric focusing of scrum proteins in sucrose dcnsity gradients have provided &, idcnce that some major scrum protcins focus at pH 9.5 or abovc in the absence of urea (6, 22, 36, 3 7 , 4 6 , 50). The measured p i , of these proteins in the presence of 4.0 M urea would be 9.8 or above. Thus our illustrations showing bands at pH 9.8 or higher are cntircly credible, contrary to the implications of Wilson et (11. (55) . (53, 54) , and they arc now employing (55) a diffcrent apparatus, the LKB Multiphor. Thus it would appear to be unlikely that our use of the Brinkman clectrofocusing apparatus prccludcs the detection of any "cystic fibrosis factor." With rcspcct to thcir rcsults using the LKB Multiphor apparatus presentcd in thc rcsponsc of Wilson et al. (55) to our preliminary rcport (42) . it should be noted that they havc also altered thcir "standardized biophysical assay" by employing a different pH gradient and a diffcrent voltage scqucnce. Thus, these aspects of thcir "standardized" assay may also not be essential for detecting "CFP," contrary to their communication to us (51) o r the implication in thcir rcsponse (55) . Lastly, it appears that Wilson et (11. (55) havc bccn able to improve thcir patterns shown carlier (53) by modifying thcir mcthod. Thcir banding patterns have now improved sufficiently to enable a comparison with ours presented carlier (42) and in the present communication. A major hallmark of the alkaline isoelectric spectruni of scrum protcins is the blank space at about pH 9.0 in our illustrations (Figures 1, 2 , and 3 ). This space is also apparent in the illustration in the response of Wilso'n et 01. (55) . but appears at about pH 7.5 in their publication (primarily because focusing has not approached equilibrium). However. these areas are identical with rcspcct to the protein banding patterns, and some appreciation for this may he obtained by inspection of Figure 6 in this rcport, in which we compare our three modified methods to our reproduction of the first "standardized assay" presentcd by Wilson et (11. (53) 
CONCLUSION
A considerable amount of indirect evidence indicates that fluids from C F patients and obligate heterozygotcs contain a factor o r factors which may be relevant to the pathophysiology of CF. Much of the evidence indicates that the factor is a low molecular weight, cationic protein which in scrum is associated with IgG. Detection of such a protcin factor by electrophoretic analysis should be possible, and two studies reported in the literature, each employing a different electrophoretic technique, have claimed identification of a serum protein unique to C F genotypes.
Our study reproduced the tcchniqucs of Wilson et (11. (53) \ (isoelectric focusing in polyacrylamide gel) and Altland et n/. (2) (IEFAG/thin layer disc electrophoresis) in an attempt to detect a C F factor in serum. In addition, several modifications were incorporated into thcse techniques in order to enhance the resolution, and variations in the conditions of sample analysis were cmploycd in order to increase the likelihood of detecting a protcin or proteins specific for the C F genotypes. Our modified IEFAG method enabled the demonstration of striking hcterogeneity in serum y-globulins, but no consistent differences in banding patterns between C F o r heterozygous sera and control sera have bccn apparent. Our modified IEFAG/thin layer disc electrophoresis system indicated that several cationic, low molecular weight can be fractionated from all serum samples, but no consistently unique protcin has been obscrved in C F o r hcterozygous sera. Although several possibilities may account for the discrepancy bctween our results and those rcportcd in the literature, our present conclusion is that the C F scrum factor(s) cannot be rcrtdily demonstrated by the electrophoretic techniques described o r our improvements thereof. 
